This study investigates the air deposition of heavy metals (past and recent) in Poland using a common bioindicator -moss Pleurozium schreberi. In 2010 moss samples were collected from 320 sites evenly distributed throughout the country; 297 sites coincided with those in which the 1995 survey was carried out. In green parts of mosses, the concentrations of Cd, Cu, Fe, Pb, and Zn were determined. The 2010 data were compared with those from 1995. The moss concentration of most of the studied metals decreased significantly (P<0.05) between the surveyed years: from 0.45 to 0.30 mg Cd·kg -1 , from 7.6 to 6.0 mg Cu·kg , taking into account median values. This temporal trend was dependent on region (for some provinces decreases were insignificant). The concentration of Zn did not alter in time; median values of this variable were 42.8 and 47.5 mg·kg -1 in 1995 and 2010, respectively. The spatial patterns of the heavy metal concentrations in mosses were similar in both surveys; southern parts of Poland, industrialized and densely populated, were contaminated more than the rest of the country.
Introduction
Heavy metals released into the environment due to anthropogenic activities pose a serious threat to the functioning of ecosystems and human health. This is particularly true of elements that have no known metabolic function such as cadmium, lead, and mercury -they have been identified as being highly poisonous at low concentrations [1] and, therefore, proposed by the 1998 Aarhus Protocol as primary targets of national and international monitoring programs. In Poland, direct measurements of atmospheric emissions and depositions of heavy metals are annually performed by the Voivodeship Inspectorates for Environmental Protection under State Environmental Monitoring. This instrumental monitoring is expensive and cannot be realized with high spatial resolution [2] .
Consequently, it is used more to control well-known (usually large) sources of pollution than to detect new (usually smaller) ones, and may lead to an underestimation of the overall environmental load of heavy metals.
The problem of spatial (and temporal) resolution in air pollution studies can be largely reduced using bioindicators. Bioindicators are widespread and easy-to-collect organisms that provide a quantitative measurement on the quality of the ambient environment [2] . For assessment of the atmospheric deposition of heavy metals, mosses (Bryophyta) are among the most common and longest used [3] . These plants were selected as candidates for an environmental monitoring tool for the first time by Rühling and Tyler [4] because of certain morphological, anatomical, and physiological features (e.g., forming carpet-like structures, lack of cuticle, a high surface area-to-volume ratio, lack of root nutrition) that seemed to favor the efficient capture of airborne pollutants. Environmentalists quickly adopted the moss monitoring method. In the 1970s and 1980s it became widely used in Europe [4, 5] This paper reports the results of the most recent (2010) Polish moss monitoring. In particular, it shows the spatial patterns and, by combining present and past (1995) data, temporal changes in the atmospheric deposition of cadmium (Cd), copper (Cu), iron (Fe), lead (Pb), and zinc (Zn).
Material and Methods
As in past surveys, the 2010 survey was done with Pleurozium schreberi (Willd. ex Brid.) Mitt. -a terrestrial moss species that occurs commonly in Poland and is considered a sensitive indicator of air quality [6] . Mosses were collected in summer from 320 sites evenly distributed throughout the country (Fig. 1) ; in 297 cases the sites coincided with those in which the 1995 survey was carried out. The sites after measuring their position with a GPS receiver were attributed to the province and described in terms of the type of habitat; most of them (over 80 %) were situated in pine forests, the remaining ones in other types of forest habitats. The sites were at least 300 m from main roads and residential areas, and at least 100 m from other roads and single buildings [7] . In each site, moss samples were taken from several moss carpets growing under gaps in the tree canopy (to reduce the effect of the through-fall chemistry) and bulked into one composite sample.
Green parts of mosses, representing ca. the last three years of growth, were subjected to chemical analysis. Plant tissues were dried at 70-80ºC and digested in a mixture of spectrally pure, concentrated acids: HNO 3 and HClO 4 in proportion 4:1 (vol.). The contents of Cd, Cu, Fe, Pb, and Zn were determined by atomic absorption spectrometry with atomization in air-acetylene flame or in graphite furnace (depending on element concentration) using apparatus Varian AA 280 FS Zeeman or a Varian AA280Z (with the GTA 120 graphite furnace). Moss reference materials Nos. M2 and M3 (first prepared for the 1995/6 European moss monitoring [8] ) were used to control the quality of the chemical analysis.
The data obtained in 2010 were compared with those from 1995. Although moss surveys were conducted in Poland in 1990, 2000, and 2005, their results were not taken into account in this study for several reasons. In 1990 the number of sampling points was about twice as small as in 2010. Besides, the 1990 data were already used in betweenyear comparisons (1990 vs. 1995) by Grodzińska et al. [6] . Regarding more recent surveys (2000 and 2005), they were incompatible with the 2010 survey in terms of sampling scheme: in 2000, study plots were established in four select regions of the country [5] ; in 2005 -in 23 national parks [9] .
The data were analyzed using two-way repeated-measures ANOVA with the between-subjects factor of province (N=16) and the within-subjects factor of year (1995 vs. 2010 ). The statistical analysis involved 297 sites, i.e., the sites surveyed in both years. Prior to the analysis, outliers were removed from the data and the variables were transformed with a logarithmic or exponential function to obtain a normal or symmetrical distribution before being normalized (scaled between 0 and 1). Spatial patterns of the heavy metal deposition in 1995 and 2010 were mapped by geostatistical methods: spatial structures were modeled with spherical functions (variograms) and variables were interpolated over the study area (Poland) using ordinary kriging [10] . The statistical analysis was done with STA-TISTICA 9 (StatSoft Inc. Tulsa, Ok., USA) while the geostatistical one -with Surfer 8 (Golden Software Inc., Golden, Col., USA).
Results
Mean values and other descriptive statistics for concentrations of five heavy metals in mosses (calculated for all study sites) are given in Table 1 . Except for Zn, these concentrations were significantly lower in 2010 compared to 1995 (Table 2) . A particularly large, and covering the whole country, between-year decrease (almost three-fold) occurred for Pb (Fig. 2) . Similar changes in time, but less spectacular, and limited to some regions, were found for Cd and Cu. In turn, the between-year difference in the uptake of Fe by mosses was insignificant when examined (with a post-hoc test) separately for each province. Provinces considerably differed both in all metals concentrations in mosses (see the effect of province in Table 2 ) and the magnitude and/or direction of temporal changes in the moss concentration of Cd, Fe, Pb, and Zn (see the effect of interaction in Table 2 ).
Spatial patterns of the accumulation of heavy metals by mosses (Fig. 3) were dominated by a large-scale trendsouthern parts of Poland, industrialized and densely populated, were generally characterized by higher values of the variables than the rest of the country. In this respect, both surveyed years were similar. As far as the medium-scale variability is concerned, there were some differences in the temporal behavior of the moss concentration of heavy metals depending on region. For example, while the Fe and Zn concentrations in mosses decreased between 1995 and 2010 in the most polluted parts of the country, it increased in the areas that had been relatively clean in the past. The small-scale variability (point-to-point variability), included in variogram models (not shown here) as the nugget effect, was also an important component of the investigated spatial patterns. It was often higher than the spatially structured variance, which indicates the existence of multiple point sources of pollution affecting limited areas (not visible in the interpolated surfaces).
Discussion
This study shows that major sources of environmental pollution in Poland were and still are large industrial centers. In both surveyed years, the highest accumulation of heavy metals by mosses were recorded around metal ore mines and associated metallurgical plants (smelters), which concentrate mainly in the Legnica-Głogów region (Dolnośląskie province and Lubuskie province) and the Upper Silesia and Kraków region (Śląskie province and Małopolskie province). Mosses indicated also that in these regions, as well as in other parts of the country, the air quality has considerably improved. The findings are confirmed by direct measurements of metal emissions that have been surveyed since 1989 and published annually by the Central Statistical Office (Główny Urząd Statystyczny, GUS). According to the GUS data [11, 12] , the release of metals into the atmosphere (total emissions) was reduced by about 30% for Cu, 40% for Pb, and 50% for Cd and Zn between 1995 and 2010.
The decrease in the concentrations of heavy metals in mosses since the early 1990s to the end of the first decade of the 20 th century was observed throughout Europe. This corresponded with the observed decrease in almost in all countries of both atmospheric emissions and deposition of metals [7] . In Poland this decrease started in the late 1980s because of restructuring of heavy industry forced by political and economic transformation [13] . This included closing unprofitable plants, outsourcing unprofitable activities, and replacing outdated technology, all being generally more F -F statistic, P -significance level, df -degrees of freedom (different values for the error term result from the different number of outliers removed from the element data) Table 2 . The effect of province, year, and the interaction of these factors on the concentrations of heavy metals in mosses -results of two-way repeated-measures ANOVAs.
environmentally friendly. The changes contributed to the reduction of air pollution in terms of Cd, Cu, and Pb, but seemed to have no effect on air-borne Fe and Zn. The main source of the emissions of the latter metals (especially Fe) are steelworks. Some studies show that steel production and associated dust emission had its largest decline before 1995 [7, 13] . This trend became much less steep in later years, which probably caused insignificant between-year differences in Fe and Zn accumulation by mosses.
A considerable improvement in air quality recorded in 2010 in the south and southwestern parts of Poland may result not only from lower emissions from the Polish territory, but also from the reduced inflow of air pollutants from abroad. Major industrial centres that might increase pollution of the environment in this area are those located in the Polish-Czech-Germany (so called 'Black Triangle'), Polish-Czech (e.g., the Ostrava industrial region) and Polish-Slovakian (e.g., the industrial area of Central Spiš)
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Kapusta P., et al. Table 2 for the detailed summary of ANOVAs). The codes for the provinces are as follows: DLN -Dolnośląskie, KJW -Kujawsko-Pomorskie, LBL -Lubelskie, LBS -Lubuskie, LDZ -Łódzkie, MLP -Małopolskie, MZW -Mazowieckie, OPL -Opolskie, PDK -Podkarpackie, PDLPodlaskie, PMR -Pomorskie, SLS -Śląskie, SWT -Świętokrzyskie, WRM -Warmińsko-Mazurskie, WLK -Wielkopolskie, and ZCH -Zachodniopomorskie. border zones. Taking into account the prevailing wind direction [14] , they are likely to have a considerable contribution to the deposition of pollutants on the Polish side. On the contrary, there is some evidence [15] that Poland exported to the neighboring countries more metals (Cd, Pb, Hg) than imported from them. Reduction of this export, for example, due to the modernization of coal power plants (especially one of the biggest -Turów Power Plant), led to lower concentrations of heavy metals in mosses in the Czech Republic [7, 16] . In Poland, even in areas remote from industrial centres and devoid of large emitters of pollutants (e.g., in the northeastern part of the country), the concentration of heavy metals in mosses is quite high. Currently, it is at least twice as high as those proposed by Zechmeister et al. [17] as a background for Europe, amounting to 0.041±0.050 (mean± standard deviation) mg Cd·kg . There can be many reasons for this state. One of them is certainly combustion of coal, which is still the primary heating fuel in Poland (in both households and power plants [18] ) and may contain substantial amounts of heavy metals. Another source of metal pollution, particularly important in urban areas, is road transport. Undoubtedly, after the withdrawal of leaded petrol, air quality has clearly improved throughout the country (as indicated by mosses). However, many of the heavy metals (e.g., derived from abrasion of brakes and tyres as well as exhaust fumes [19] ), are now released in higher amounts and affect wider areas than previously due to the increase in the number of cars (from 14 to 23 million within the 1995-2010 period [20] ) and the expansion of the road network. This concerns not only common metals, such as Cu, Pb, and Zn, but also the rarer elements (As, Sb, Se, Pd, Pt, Rh, V) [21] not studied here.
